Studies of reticular formation function have become very numerous.
Despite the great amount of work done in this field of recent date (6, 13, 15) , however, only a few attempts have been made to determine the mechanism whereby the observed excitatory and inhibitory actions of this integrative center are effected.
It has been found, for example, that stimulation of the reticular formation will excite some interneurons and motoneurons, merely facilitate activation of some and have no effect at all on others (16) . Orthodromic excitation of motoneurons can be inhibited by reticular formation stimulation witohut prevention of antidromic excitation of the same neurons (2, 16) . Facilitatory and inhibitory effects have been seen to succeed each other following single pulse stimulation of this complex reticular structure (16) and longlasting effects of the reticular formation stimulations have frequently been observed although not fully explained (8, 10, 11) . The fundamental processes involved in these and other facilitatory and inhibitory actions of the reticular formation have not been identified.
It has been suggested that studies of the effects exerted on individual neurons might lead to further development of knowledge of reticular formation function (15) .
In the work to be reported here individual units were studied. Changes occurring in motoneuron and interneuron membrane potentials and activities were recorded.
The methods used permitted observation of the participation of various neurons in reflexes evoked by stimulating different afferent nerves before and after reticular formation stimulations. Reticular formation actions on neurons which were affected by antidromic stimuli were also seen. These experiments have provided new information which has been employed in an attempt to explain some phenomena of the reticular formation control of reflex action.
METHODS
As in previous work (16) , reflex responses to stimulation of muscle (gastrocnemius), skin (sural) and mixed (tibialis posterior) afferent nerves were recorded from L7 and from S1 ventral roots. Single rectangular pulses of 0.1-0.5msec. duration and of two to three times the strength required to initiate a minimal detectable reflex response were used.
Associated conditioning and testing stimuli were frequently employed to build up central excitatory states or test their duration.
Microelectrodes (3M KCl-filled; 20-40 megohm resistance when measured in Ringer solution) were used for measuring transmembrane potentials and the responses of individual interneurons and motoneurons to orthodromic and antidromic excitation.
The effects of reticular formation stimulation alone and in association with peripheral activation of reflex responses were determined. Fine bipolar or concentric steel electrodes were employed in the single rectangular pulse (2-5msec.
duration, 5 to 10 volts intensity) stimulations of the reticular formation.
These electrodes were inserted in the midbrain reticular formation at the level of the superior colliculus by means of a stereotaxic instrument.
The normal procedure followed when a recording microelectrode was located near or in a motoneuron or interneuron was to stimulate the three afferent nerves mentioned in turn and then maintain this sequence of stimulation following reticular formation stimulation.
Cats were used which were anesthetized with sodium pentobarbital (Nembutal, 30mgm/kg.).
The exposed cord and nerves were protected by pools of warm paraffin oil.
It was concluded that a microelectrode was recording from a motoneuron only when the cell gave a single response to single antidromically conducted pulses as well as to orthodromic excitation. Criteria similar to those employed by Frank and Fuortes (5) were relied upon for identification of recording from interneurons.
Additional information concerning identification of units is given in the description of results.
One amplifier unit was connected to ventral root leads and three additional recording systems were employed to monitor activity detected by the microelectrode.
On one beam of the four channel unit used any "spontaneous" firing which occurred was shown, the second beam gave a record of shifts in D. C. potential, a third recorded the immediate responses of the neuron to reflex or reticular formation stimulation, and the fourth beam recorded the reflex responses from ventral root fibers.
RESULTS
One of the most obvious conclusions which can be drawn from this work is that stimulations of small areas in the reticular formation have a bewildering complexity of effects on the neurons of the spinal cord. These effects will be described as found and attempts then made to explain their functional significance. In order to present our observations in a reasonably orderly fashion, they have been subdivided into five categories.
1. Facilitatory actions of tke reticular formation. Figure 1 shows the effect of facilitatory reticular formation action on the monosynaptic reflex and on motoneurons which in previous reflex action had shown only a subliminal postsynaptic potential (I and II A). The facilitation enabled these units to ET AL. A second observation is that although reticular formation action may facilitate the reflexes induced by stimulation of the different afferent nerves mentioned, the specificity of these reflexes is not lost.
As shown in figure 1 (III) the reticular formation stimulation caused a motoneuron which normally is not excited by any of the orthodromic volleys to participate in one of the reflexes but in only one. The augmentation of response resulting from reticular formation action promotes normal patterns of reaction and thus differs from the hyperresponsiveness induced by hypothermia and excitatory drugs which cause an escape or general spread of activity from a normal reflex channel (9) . Figure 2 gives an example of facilitation confined to the polysynaptic phase of a mixed reflex. It likewise shows that reticular formation stimulation causes the spike potential of a motoneuron to rise with less latency than in unfacilitated reflex action.
In these cases the motoneuron from which recording was made showed a postsynaptic potential associated with the monosynaptic corn- ponent of the reflex but the neuron fired only with the polysynaptic phase of the reflex.
The reticular formation stimulation caused firing to occur earlier but never in association with the monosynaptic phase.
In previous work (16) it was shown that some motoneurons can change their association with the polysynaptic to the monosynaptic component of a reflex as a result of reticular formation action but here we are emphasizing the fact that despite reticular formation facilitation some motoneurons seem to require the contribution of interneuron excitatory action before they will fire. In figure 2 -III C and D it is shown that reticular formation stimulation, though facilitating the response of motoneurons to orthodromic excitation, has no detectable effect on antidromically induced responses.
The role of interneurons in reflex action and the effects of facilitatory reticular formation stimulation on these elements is indeed very hard to comprehend. Figure 3 shows recording from an interneuron which gave a double discharge in response to stimulation of the gastrocnemius afferents but showed no response to orthodromic volleys coming in over fibers of a mixed nerve (tibialis) until after reticular formation stimulation. Frank and Fuortes (5) have reported association of interneurons with more than one reflex and evidently this multiple association is increased by reticular formation action.
In this case the reticular formation stimulation which permitted the interneuron to be activated in association with the polysynaptic component of the tibialis reflex inhibited the monosynaptic reflexes.
2. Inhibitory action of the reticular formation. Evidence previously presented (16) and that given in figure 3 demonstrate a mixture of facilitatory and inhibitory actions due to reticular formation stimulation. Figure 4 shows other examples of inhibition.
In this case the action of individual motoneurons was studied and an instance is given in figure 4-I in which twe orthodromic impulses were required to effectively excite the motoneuron under study. Reticular formation stimulation excited this same motoneuron and in addition to this effect, it inhibited the monosynaptic reflex evoked by the testing stimulus and prevented the motoneuron from being fired by the combined stimuli although the summated postsynaptic potential appeared to be unaffected. In figure 4 -II other examples are shown in which activation of motoneurons by afferent nerve stimulation was blocked by a preceding reticular formation stimulation which excited that neuron but inhibited the reflex action to some degree. This inhibition of the motoneron was of such duration that it could not have been due to post-excitation refractoriness. stimulation. This same neuron was effectively excited by stimulation of the reticular formation.
When reticular formation stimulation preceded the sural reflex this motoneuron was prevented from participating in that response . In the case of the tibialis reflex the motoneuron's action was likewise inhibited but only to the degree that it fired much later in the reflex as though more or later arriving stimuli were required to excite it.
The monosynaptic reflexes (gastrocnemius and monosynaptic component of tibialis) were definitely facili- their action occurs (figure 6-I A and C). Reticular formation stimulation which precedes these reflrexes and has an inhibitory effect thereon may also inhibit these late-firing interneurons. It can be seen in figure 6-I B and D that the reticular formation excitation evoked a discharge from this interneuron which fired so tardily in the sural and tibialis reflexes.
This phenomenon resembles that of figure 5 except for the differences in latency but this does raise the question of duration of the reticular formation's inhibitory effects. In part II of figure 6 is shown a series of records in which the reflexes were initiated progressively later after reticular formation stimulation. It was found that the reticular formation stimulation had an early inhibitory action on monosynaptic and polysynaptic reflexes, and a late facilitating action on the monosynaptic (gastrocnemius) reflex. It inhibited sural reflex for fully 80msec., blocked firing of the interneuron in the sural reflex and the double firing characteristic of the interneuron's participation in the tibialis reflex for a similar period.
Here again stimulation of the reticular formation caused firing of the interneuron whose participation in reflex action was inhibited. Discharge of an interneuron by stimuli from the reticular formation is not a necessary precedent action to inhibition of that interneuron.
In figure 6 -III evidence is produced to show that interneuron refractoriness or post-excitation subnormality does not explain the long duration of the reticular formation-produced inhibition.
In this experiment the reflex was initiated before reticular formation stimulation.
It was found that the reflex and reticular formation stimulation-induced discharges of the interneuon could occur very close together ( within 5-10msec.).
In III E and F the reticular formation stimulation occurred after the reflex but so soon thereafter that the reticular formation stimulation-produced interneuron spike preceded the reflexinduced spike. This again showed that no postexcitation subnormality of long duration existed but it raises the question as to why the reflex-induced interneuron excitation was not inhibited. It can be said either that the inhibitory action of the reticular formation stimulation is late in developing or that it acts to block a pathway to the interneuron but cannot inhibit if the excitatory impulse has reached or almost reached the interneuron.
In figure 7 examples are given of inhibition of interneuron action by reticular formation stimulation unassociated with preceding excitation of the unit. In all cases an interneuron found to be excited in the course of a reflex response to stimulation of a particular afferent nerve was inhibited totally or partially by a reticular formation stimulation which did not excite that interneuron.
In those instances in which inhibition of activity was not complete there was an increase in latency of the interneuron's response to the afferent nerve stimulation.
Another type of interneuron reaction is shown in figure 8 . In this case recordings were from interneurons which were not excited by reticular formation stimulation but which did discharge in the course of reflex responses to stimulation of afferent nerves. In these instances inhibition of the reflex by reticular formation stimulation was associated with increased interneuron action and an even more striking decrease of latency of the interneuron's response to three reflexes.
On the other hand the reticular formation might be considered to have about the same power of facilitation in all cases but since the tibialis and gastrocnemius nerve effects were marginal (gastrocnemius) or subliminal (tibialis), these reflexes appeared to be more affected than the stronger actions of sural nerve stimuli.
Finally, it is important to point out in this discussion of inhibitory action of the reticular formation on neurons that in intracellular recording from motoneurons directly stimulated through microelectrodes it was found that inhibitory action from the reticular formation raised the thresholds of the motoneurons to direct excitation without hyperpolarization of the membrane (17). The excitatory action exerted on interneurons and motoneurons subsequent to reticular formation stimulation only occasionally produced repetitive firing in motoneurons (figure 10-II) but frequently induced multiple responses from interneurons.
Longer pulses induced longer trains of action potentials in the excited interneurons (figure 10-I and III) probably because of a greater number of impulses descending from the more effectively excited reticular formation structures (10) . As shown in I B there is both an "on" and "off" effect of the long pulses in the reticular formation. The previously mentioned very long latency of response observed in some elements provides additional reason for persistence of effects. Figure 12 -I shows the long latency of response of a single interneuron to stimulation of three afferent nerves and of the reticular formation.
When the neuron was acted upon both by the reflexes and the reticular formation, its responses began earlier and continued for a longer time (500msec.).
A similar phenomenon is shown in figure 12 -II to occur in a spontaneously firing interneuron. These observations provide evidence that the long persistence of the facilitatory and inhibitory effects of reticular formation stimulation on reflex action are due to a persistence of effects on interneurons. Long-continued trains of discharges are initiated or long-persisting inhibitory states are created. This latter occurrence is illustrated in figure 13 . In part I of this figure it is shown that tibialis, gastrocnemius and sural nerve stimulations produced early augmentation and long-lasting late inhibition of activity in a spontaneously firing interneuron.
Reticular formation stimulation alone ( figure 13-I and duration of the antidromically-evoked action potentials (soma-dendritic or SD spikes) of single motoneurons are not affected by reticular formation stimulation (2, 16) even though orthodromic exciation may be inhibited. When recording from neurons which showed only an initial segment (non-myelinated segment or N-M) spike, it was seen that reticular formation stimulation which caused facilitation of the reflex also caused the soma-dendritic response to occur. Thus reticular formation stimulation does facilitate antidromic excitation of motoneurons presumably by prevention of axon hillock block (16) . There appear to be other neurons in the anterior horns which are affected by ventral root stimulation and by excitation of the reticular formation which do not conform to the behavior expected of the motoneurons.
In some experiments microelectrodes inserted in the anterior horns picked up action potentials from spontaneously active neurons which were not activated by stimulation of ventral roots ( figure 14-I) . By the criterion employed (unexcited by antidromic stimuli) these cells were not motoneurons nor Renshaw cells. The spontaneous activity of these anterior horn "interneurons" was inhibited by all three of the afferent nerves stimulated (gastrocnemius, sural and tibialis) (IB) and also by stimulation of the ventral root (ID). Combined action of reticular formation and afferent nerve stimulation produced even a longer-lasting inhibition of the interneuron action even though reflex motoneuron discharge was augmented (IC).
In figure 14 In figure 16 are shown recordings from individual neurons of the anterior horns which are excited by ventral root stimulation but only after a long latency (10-12 msec. Lowering of depolarization requirement under conditions facilitating membrane discharge has been observed by others (12) .
This facilitatory action, however, which increases responsiveness, unlike that of hypothermia (9) does not cause escape of the excitatory process from normal pathways of confinement.
The latencies of responses of interneurons and motoneurons are remarkably shortened by reticular formation facilitatory action and a unit which fired late in a reflex discharge tends to fire early.
To this degree the reticular formation can change the patterns of reflex responses.
The actual discharge of neurons following stimulation of the reticular formation demonstrates that this structure can exert an effective excitatory action on interneurons and motoneurons. Also miniature potentials were observed to increase in number in neurons under facilitatory action from the reticular formation.
These miniature potentials observed first in the central nervous system neurons by Brock, Coombs and Eccles (1) were thought to occur with changes in the excitability state of the membrane. They have been thought to result from activity in unitary fractions of the membrane.
Miniature potentials have been observed to increase in number and summate as a cell becomes subliminally excited (12) . Since subliminal orthodromic stimuli also produced miniature potentials in motoneurons, it appears that these cornbined actions could depolarize a critical number of unitary areas of the membrane and thus initiate a response of the total neuron. This concept of independently firing unitary areas of the cell membrane causes one to wonder if it is possible to draw conclusions concerning threshold potential or the degree of local depolarization actually giving rise to the spike. Origin of the propagated process in the cell at some distance from the recording electrode is possible and the actual record might make it appear to have originated from a level of depolarization considerably less than that occurring in membrane areas closer to the recording electrode (see figure 2) .
Finally, the observed inhibition of Renshaw cell action, following a reticular formation stimulation which facilitates reflex response, gives another possible mechanism of facilitatory action. The Renshaw cells normally inhibit motoneurons (3) and removal of their influence would certainly facilitate responses within the motoneuron pools.
The inhibitory effects of reticular formation stimulation likewise can occur without perceptible variation of motoneuron resting potential or postsynaptic potentials induced by orthodromic impulses. Stimulation of individual units through microelectrodes penetrating the cell's membrane has shown that during inhibition the threshold to direct excitation is raised (17) . There must be a change other than hyperpolarization which can be produced by inhibitory action of the reticular formation.
Other possible mechanisms of inhibitory action could be changes such as an increase in membrane stability or in the degree of depolarization required to attain threshold potential. The points we would like to emphasize in discussing the effects of reti-cular formation stimulation on interneurons are the following. Many interneurons were found which were excited by muscle and skin afferents as well as by the reticular formation stimulus.
This convergence permits facilitation of the effects of these interneurons on reflex responses. The two excitatory pathways do in some instances have a summating effect but in other instances the actions are antagonistic.
For example, the reticular formation stimulations which excited some interneurons rendered them unresponsive to afferent nerve stimuli for considerable periods.
It was shown that this suppression was not due to a characteristically long refractory period of these cells because the reticular formation stimuli could fire them immediately after they had been activated by afferent nerves.
It was also seen that if the afferent nerve excitation of the interneuron had begun before reticular formation stimulation, then the reticular formation excitation of the interneuron did not block the reflex. We have only two hypotheses to offer. The first is that this reticular formation stimulation which excites the interneuron blocks the afferent nerve excitatory action on the interneuron preneuronally.
The second is that the reticular formation stimulation has a biphasic action, an early excitatory and a late inhibitory effect, which permits excitation of the interneuron by stimuli arriving early but inhibits the response to later stimulation of afferent nerves.
Both reticular formation facilitatory and inhibitory actions appear to involve interneurons.
In some instances observed these interneurons apparently had an excitatory action on one reflex path and an inhibitory action on another.
It cannot be said, however, that interneuron discharge induced by reticular formatin stimulation always has such a reciprocal action.
Cases were observed ( figure 5) in which all the reflexes tested were facilitated by the reticular formation stimuli which evoked interneuron discharges. In other instances (figure 6) all three reflexes studied were inhibited by a reticular formation stimulation which induced interneuron activity.
Another complexity observed was that reticular formation stimuli which had a long-lasting inhibitory effect on reflex action also inhibited interneurons-possibly ones which normally contribute to execution of the reflex. Finally, in considering inhibitory action of the reticular formation and interneurons there is still another variant. The reticular formation influence in such cases does not cause the interneuron to fire but it decreases the latency of its response in the reflex action causing it to fire in association with the monosynaptic reflex discharge which is reduced by the inhibition (figure 8). Possibly this interneuron participates in the inhibition observed.
Under normal circumstances, though it may be potentially inhibitory in action, this interneuron, even though participating in the reflex, is fired so late that the monosynaptic reflex is completed previously and is unaffected by the late action of the interneuron.
The effects of the reticular formation stimuli on interneurons are of very long duration and we feel that the long-lasting influence of reticular formation stimulation on reflex action can now be explained on the basis of a number of contributory factors.
1. A brief stimulus pulse (3-5msec.) produces a descending discharge from the reticular formation which lasts for many milliseconds (10) .
